Abstract-This work presents a novel diffusion based dualphase molecular communication system where the source leverages multiple cooperating nanomachines to improve the end-toend reliability of communication. The Neyman-Pearson Likelihood Ratio Tests are derived for each of the cooperative as well as the destination nanomachines in the presence of multiuser interference. Further, to characterize the performance of the aforementioned system, closed form expressions are derived for the probabilities of detection, false alarm at the individual cooperative, destination nanomachines, as well as the overall end-to-end probability of error. Simulation results demonstrate a significant improvement in the end-to-end performance of the proposed cooperative framework in comparison to multiple-input single-output and single-input single-output molecular communication scenarios in the existing literature.
I. INTRODUCTION
Nanoscale molecular communication has gained significant prominence in recent times due to its ability to provide novel solutions for various problems arising in biomedical, industrial, and surveillance scenarios. Efficient drug delivery, as described in [1] , is one such example of its envisaged potential. Several research efforts [2] - [6] have been devoted to developing models as well as analyzing the performance of diffusion based molecular systems. It has been shown in [7] that the distance between two nanomachines significantly affects the performance of communication, since the molecular concentration decays inversely as the cube of this distance. To overcome this impediment, the work in [8] proposed a novel multiple-input multiple-output (MIMO) molecular communication framework, wherein a noticeable performance improvement has been demonstrated through suitable allocation of molecules among the transmitting nodes. However, the work therein focuses exclusively on applications of transmit/ receive diversity and spatial multiplexing in molecular communication, while not exploring cooperative molecular communication that can significantly enhance the communication range with improvement in the reliability through cooperative diversity.
Some works in the existing literature [9] , [10] and the references therein have analyzed the performance of relayassisted molecular communication systems in terms of their error rate, capacity, etc. However, to the best of our knowledge, none of the works in the existing literature consider dual-phase multiple half-duplex nanomachine assisted cooperative molecular communication in the presence of multi-user interference (MUI) and exploit cooperative diversity, which is the key focus of this work. Towards this objective, the optimal Likelihood Ratio Test (LRT) based decision rule at each cooperating nanomachine is initially derived, followed by a characterization of its probabilities of detection and false alarm. Subsequently, the optimal fusion rule is derived for the destination nanomachine incorporating also the probabilities of false alarm and detection at each of the cooperating nanomachines. Thus, the framework developed is practically applicable, unlike the selective decode and forward protocol considered in works such as [11] , [12] that assume retransmission only when the symbol is accurately decoded at the relay. Finally, closed form expressions are derived for the end-to-end probabilities of detection, false alarm, and probability of error for the cooperative scenario under consideration. Simulation results demonstrate the improved performance of the proposed cooperative nanosystem in comparison to the existing multiple-input single-output (MISO) and single-input multiple-output (SIMO) systems [8] . Further, while this work employs multiple molecule types for the source and cooperating nanomachines, it results in a simplistic linear combining based decision rule and also does not require a large capacity backhaul that is necessitated in [8] . Due to space limitations, detailed derivations of some results are given in a supplemental technical report [13] .
II. DIFFUSION BASED COOPERATIVE MOLECULAR
COMMUNICATION SYSTEM MODEL Consider a diffusion based molecular communication system with N cooperating nanomachines R 1 , R 2 , · · · , R N as shown schematically in Fig. 1 . Further, it can be noted that the diffusion takes place in 3-dimensional and infinite space. The N intermediate nanomachines cooperate with the source nanomachine to relay its information to the destination nanomachine. The transmitter is modeled as a point source while the the destination node is a perfectly absorbing surface. Further, the relay nodes during reception act as perfect absorbing surfaces while during transmission act as point sources. End-to-end communication between the source and destination nanomachines occurs in two phases. In first phase, the source nanomachine emits either Q 0 molecules in the propagation medium for information symbol 1 generated with a prior probability β or remains silent for information symbol 0. In the second phase, the intermediate nanomachines R i , i = 1, 2, · · · , N that employ decode-and-forwarding protocol, decode the symbol using the concentration received from the source followed by retransmission to the destination nanomachine using different types of molecules 1 . As described in [14] , nanomachines such as eukaryotic cells can Fig. 1 . Schematic diagram of a cooperative molecular nano-network with di and di denoting distances from source nanomachine to Ri, and Ri to destination nanomachine respectively. be genetically modified to emit different types of molecules. The molecules released by the transmitter nanomachine are assumed to diffuse freely through the propagation medium with Brownian motion and are absorbed by the receiver once they reach it. Furthermore, similar to [8] , this work also assumes that the inter symbol interference (ISI) and receiver noise are suppressed and negligible in comparison to the MUI. The effect of ISI can be ignored by considering the symbol duration T s to be significantly larger than t p , where t p is the time instant when the channel impulse response has a maximum as can be seen in [15, Fig.3 ]. Further, since such nanonetworks are expected to operate in a distributed and uncoordinated manner, this work focuses on MUI and assumes ISI, noise effects to be negligible in comparison.
The peak concentration sensed at the ith cooperating nanomachine R i corresponding to transmission by the source nanomachine in the first phase is given as [8] 
where x 0 ∈ {0, 1} denotes the binary information symbol. The term η i represents the MUI at the cooperative node R i . Similar to [8] , assuming the MUI to arise from a large number of interfering sources, it can be modeled as a Gaussian random variable with mean µ i and variance σ 2 i , denoted by N (µ i , σ 2 i ), as per the central limit theorem (CLT) [16] . The molecular concentration is given as
where d i denotes the distance between the source and the ith node R i . The peak concentration is given at t = 
Each cooperative nanomachine employs the minimum probability of error criterion for decoding the transmitted symbol followed by retransmission of the decoded symbol x i ∈ {0, 1} to the destination nanomachine. Therefore, the peak concentration sensed at the destination corresponding to the ith cooperating nanomachine R i is
where
represents the MUI at the destination nanomachine and Q i is the number of molecules emitted by node R i corresponding to information symbol 1.
at the destination nanomachine corresponding to the emission by R i is obtained as
where d i is distance of the destination from R i . The end-to-end error rate of the cooperative molecular communication system depends on the detection performance of the individual cooperative nanomachines. The next section begins by determining the probabilities of detection and false alarm at R i .
III. DETECTION AND ERROR RATE ANALYSIS WITH MUI
The problem of sensing the peak concentration at the cooperative nanomachine R i in (1) can be formulated as the binary hypothesis testing problem
where the null and alternative hypotheses H 0 , H 1 correspond to the binary symbols 0, 1 respectively. The peak concentration c i at the ith cooperative nanomachine corresponding to the individual hypotheses is distributed as
The optimal detection statistic Λ(c i ) for the cooperating nanomachine R i can be obtained employing the NeymanPearson LRT and is given as
Substituting PDFs p(c i |H 0 ) and p(c i |H 1 ) from (6), the logarithm of the LRT above can be evaluated as
On further simplification, the test above reduces to
where the parameter α i is defined as
. The result below determines the detection performance of the individual cooperative nanomachines.
Lemma 1: The probabilities of detection (P (i) D ) and false alarm (P (i) F A ) at the ith cooperative nanomachine corresponding to the test statistic T (c i ) in (9) are given as
where γ ′ is defined as γ ′ = γ/ α i and the function Q(·) is the tail probability of the standard normal random variable.
Proof: Given in the technical report [13, Appendix A].
The cooperative nanomachines employ different types of molecules. Therefore, the joint concentration vector c = [ c 1 , c 2 , · · · , c N ] T ∈ R N ×1 at the destination 2 corresponding to the N cooperating nanomachines can be written as
where the concatenated vector x ∈ R N ×1 is defined as
T . Similarly, the concatenated noise vector n ∈ R N ×1 is given as
The sensing problem at the destination nanomachine can be formulated as the binary hypothesis testing problem H 0 : c = n
T . Considering the logarithm of the LRT at the destination nanomachine, the decision statistic corresponding to the N cooperative nanomachine transmissions is obtained as
where (14) follows from the fact that the peak concentrations at the destination nanomachine are conditionally independent i.e., corresponding to the alternative hypothesis H 1 the PDF p(
The individual PDFs p( c i |H 0 ) and p( c i |H 1 ) in (14) corresponding to the two hypotheses H 0 and
Result in Lemma 2 below derives the simplified optimal Neyman-Pearson LRT at the destination nanomachine for the cooperative nano-network for moderate to high concentration scenarios with molecules (> 10 9 ). Lemma 2: The optimal test statistic T ( c) and the resulting test at the destination nanomachine for the binary hypothesis testing problem in (13), for a scenario in which a moderate to high number of molecules is emitted, is obtained as
where γ ′′ = ln
The quantities α i and θ i are defined as
with the expressions for the individual probabilities of detection P (i)
D and false alarm P (i)
F A for the ith cooperative nanomachine as obtained in (10) and (11) respectively.
Proof: Given in the technical report [13, Appendix B] .
Employing the distributions of c i for the null and the alternative hypotheses obtained in (15), together with the expression for the test statistic T ( c) in (16), its distributions under the various hypotheses can be determined as
The end-to-end probability of error for the cooperative nanonetwork follows as described in the result below.
Theorem 1:
The end-to-end probability of error (P e ) at the destination nanomachine in the diffusion based cooperative molecular nano-network comprising of N cooperating nanomachines, is given as
The parameters α i and θ i are defined in (17) and (18) respectively.
Proof: Given in the technical report [13, Appendix C].
IV. SIMULATION RESULTS
For simulation purposes, a cooperative nanonetwork is considered with diffusion coefficient D = 10 −6 cm 2 /s. The MUI at each receiving node is modeled as a Gaussian distributed RV with mean µ i = µ i = µ I = 4 × 10 16 molecules/cm 3 that is equivalent to five interfering transmissions, each with Q = 3 × 10 9 molecules at a distance of 30 µm. Similar to [8] , the coefficient of variation of the medium is set as 0.3 with σ i = σ i = 0.3µ I . Fig. 2(a) shows the probability of error P e versus the number of molecules Q employed at each node. For simulation, the distances between the source and cooperative nanomachines, cooperative and destination nanomachines, and the source and destination nanomachines are set as d i = d sr = 10 µm, d i = d rd = 20 µm, i ∈ {1, 2, 3}, and d = 25 µm respectively. It can be observed from Fig.  2(a) that the analytical values obtained using (20) coincide with those obtained from simulations, thus validating the derived analytical results. One can also observe that the endto-end performance of the system is significantly enhanced by cooperation in comparison to the direct source-destination only communication scenario. Moreover, the end-to-end probability of error decreases progressively as the number of cooperative nanomachines N increases.
Figs. 2(b) and 2(c) compare the error rate of the cooperative molecular system with that of the existing multi-input single-output (MISO) and single-input multi-output (SIMO) systems proposed in [8] for a fixed number of molecules and a fixed distance respectively. The number of cooperating nanomachines is set as N = 2, with two nano-transmission nodes at the information source for the MISO system, and two reception nodes at the information sink for the SIMO system. Further, the distance between each transmitting and 9 molecules degrades as the distance increases. Moreover, it can be seen in Figs. 2(b)-(c) that the cooperative molecular system outperforms the MISO and the SIMO systems for the scenario when the distance between the source and cooperative nanomachines is less than the distance between the cooperative and destination nanomachines. This is owing to the fact that when d i < d i , the cooperative nanomachines are able to decode the source symbol correctly with high probability. Therefore, the endto-end performance under such a scenario is dominated by the communication distance between the cooperative and the destination nanomachines. On the other hand, for the scenario with d i > d i , the resulting probability of error at the cooperative nanomachines is relatively higher, leading to erroneous transmissions to the destination nanomachine. Hence, the performance of the cooperative system is dominated by the source-cooperative nanomachine distances. In contrast to the SIMO system with Q 0 = Q molecules, the cooperative scenario uses Q 0 = Q 3 molecules at the source. Therefore, the cooperative system has a higher probability of error in comparison to the SIMO system. However, the cooperative system outperforms the MISO system for this scenario as well. Moreover, a significant improvement in the error performance is attained for the scenario when the cooperative nanomachines are at equal distances from both the source and destination nanomachines. Due to space limitations, additional simulation results for detection performance at the destination nanomachine are presented in the technical report [13] .
V. CONCLUSION
This work presented a performance analysis for diffusion based cooperative molecular communication systems wherein multiple nanomachines cooperate with the source to enhance the end-to-end reliability in the presence of MUI. Analytical expressions were derived for the optimal test statistics at the cooperative, destination nanomachines, together with the resulting probabilities of detection, false alarm as well as the end-to-end error rate. Moreover, the proposed system was seen to yield a performance improvement in comparison to the existing SIMO and MISO systems.
